Background: Pediatric chemotherapy preparations are usually not analytically controlled, for several reasons. First, they are generally made in syringe, which does not allow to take a sample without changing the final volume. Secondly, the percentage of the dose consecrated to control is important and finally low concentrations can cause sensitivity problems. This lack of quality control, greatly reduces the security of the chemotherapy circuit. Objective: The main objective is to develop an analytical control to low volume pediatric preparations, made in syringes or in infusion bags with a final volume from 20 to 50 mL. Material and Method: The development of analytical control automatons, like QCPrep+
Introduction
Antitumor cytotoxic drugs are hazardous drugs with high toxicity and narrow therapeutic range. For patient, an overdose may result in serious or fatal side effects at the expense of treatment efficiency [1] [2] [3] [4] [5] . In children with oncological or hematological malignancies, this overdose is even more potent. As such, the French National Agency of Drug Safety (ANSM) classifies it among the twelve events that should never happen ("never events") [6] . On the other hand, a sub-dosage can compromise treatment efficiency and potential recovery. Pharmacists responsible for centralized units' reconstitution play an important role in order to secure delivery of injectable cytotoxic drugs. Indeed several types of quality controls are implemented [7] [8] [9] [10] [11] [12] [13] [14] to ensure conformity of the preparations. The first level of quality control is a visual control. During preparation, pharmacy technicians or pharmacist controls the manipulator and verify all critical steps related to drug identity or volumes withdrawn. This method is flawed as error detection is solely based on the human factor. To improve the effectiveness of visual verification, photographic or video-control were developed [15] . However, despite the interesting potential of this surveillance, we lack long term experience and feedback. A secondary type of control can be achieved with gravimetric control. It can be done on the final preparation or during production. It's a good tool used for quality control of chemotherapy preparations [12] and it brings an upper level of security than visual inspection [16] . The analytical control, allows to identify and quantify the drug and identify the solvent. By regulation, it is not mandatory to carry out such controls. However, the French Society of Oncology Pharmacy (SFPO) strongly recommends to implement analytical controls to ensure the quality of preparations and patients' safety [17] . In recent years, analytical control automatons were developed to meet the demand of analytical controls [8, [18] [19] [20] [21] [22] [23] [24] [25] . The first one combined UV and Infrared spectrometry (Multispec ® , Microdom, France). Its successor, named QCPrep+ ® (IconeService, France) was improved by replacing the infrared by Raman spectroscopy. This is a destructive analysis using a fraction of the preparation. The sample volume required is around one milliliter. UV spectrometry coupled with Raman spectroscopy offers very good performance to identify and quantify drugs. Analyzers which combine both these functions are more efficient than UV-HPLC (identification with UV spectrum and retention time) or UV-FTIR (Multispec ® ) [20, 21] . In our centralized preparation unit, visual and gravimetric controls were first implemented. To complete and improve our practices, we decided to acquire a QCPrep+ ® . Only preparations in infusion bag with a volume greater than 50 mL were controlled analytically and represented 1/3 of our production. Indeed, in pediatrics, doses and volumes are often lower than in adults. Therefore, the majority of preparations are made into syringes with a final volume of less than 50 ml. Usually these preparations are not analytically controlled, for several reasons: [1] a syringe is a measuring device that allows a visual check and when sampling, there is a discrepancy between the final volume of the preparation and the labeling; [2] the percentage of the dose dedicated to control is important, [3] low concentrations can cause analytical sensitivity problems. Thus, our objective was to develop an analytical control to low volume pediatric preparations, made in syringes or in infusion bags with a final volume from 20 to 50 mL.
Materials & Methods

Chemicals
Commercially available cytotoxic drugs were used to validate the analytical methods. The 10 different drugs used and the corresponding chemotherapy protocols, standard doses and the minimum and maximum concentrations analyzed are detailed in Table 1 .
Equipment
The QCPrep+ ® analyzer is an "all in one" automaton composed of a sampling and injection system, a spectrometric analysis system and two management softwares. Sample vials are placed on a motorized carousel with 110 slots coupled to a rotatable turret performing sampling and injections. This turret is composed of a 2.5 mL syringe with a micrometer screw (accuracy of 0.1 % v/v), and a needle able to penetrate the septum. Unlike the Multispec ® analyzer, the QCPrep+ ® is able to dilute the samples and the analysis volumes can be modified. The analysis system consists in a spectrophotometer and a RAMAN spectrometer (BWTek ® (USA)). Each spectrometer is equipped with a sample cell: the UV cell is first filled with 500 μL of sample before the 
Method Optimization of analysis parameters
To implement the control of low-volumes pediatric chemotherapies, the main prerequisites were: -The sample volume must not represent more than 5 % of the final volume. Although there is no recommended threshold, we consider this value as the maximum fraction of the total dose that can be used for the control. -This volume must be sufficient for a good quality analysis (quantitation and identification of the drug) -The final volume of the preparation must match the labeled volume
Tests were carried out with solutions of cytarabine 6.00 mg/mL and 30.00 mg/mL and preparations of doxorubicin 1.00 mg/mL. The concentrations were chosen to assess the impact of dilution on a low level concentration (cytarabine 6.00 mg/mL) and concentration at which the diluted sample remains in the linear range (cytarabine 30.00 mg/mL). The concentration of doxorubicin is an average level of quality control for which we had good results. Controls are prepared from commercial drugs. Cytarabine and doxorubicin are ready to use. The dilutions are performed in appropriate conditions for handling hazardous compounds as cytotoxic agents. Dilutions were made with micropipette and volumetric flasks.
Two protocols were tested. The protocol 1 was intended to test a small sample volume (volume withdrawn from the preparation) further diluted automatically by the QCPrep+ ® in order to obtain a sufficient volume for the analysis (analysis volume = volume withdrawn from the vial by the analyzer). The protocol 2 was aimed to test a one milliliter sample volume (an overfilling of the preparation with one ml of diluent is necessary) without further dilution. All analyses were performed in triplicate. Data were collected as followed: identification of the drug and solvent, sample quantification (percentage error over the theoretical concentration), smooth progress of the analysis (absence of air bubble and good acquisition of spectra).
Analytical method validation
After the identification of new analytical parameters, the method was validated for 10 drugs (asparaginase, cyclophosphamide, cytarabine, doxorubicin, daunorubicin, ifosfamide, methotrexate, vincristine etoposide and etoposide phosphate) as per ICH guidelines [26] . Validation parameters were: -Linearity: a calibration curve was obtained for each drug. The concentration range depend on the minimal and maximal concentrations used in patients. For each drug, a stock solution, representing the maximal concentration was prepared and further automatically diluted. Correlation coefficient (R²) was used as criterion of linearity. A single calibration range was performed on Day 1 of the validation. Controls at day 2 and day 3 were made with this calibration range. -Accuracy: is the closeness between the measured value and the nominal true value. It was obtained by calculating the percentage of the nominal value (relative error %) of three concentrations. The mean concentration should be within ± 5 % of the nominal concentration. -Precision: is assessed by the repeatability and reproducibility. Three levels of concentrations were considered for each range: low, medium, high. On day 1, six analyzes were performed for each level to determine repeatability. On days 2 and 3, six analyzes were performed, each day, to determine the reproducibility. For repeatability (RPA), the coefficient of variation (RSDrpa) was calculated from the standard deviation (σ rpa ) and average (m rpa ) in the first series:
RSD rpa = 100 × σ rpa =m rpa For reproducibility (RPO), the variation coefficient (RSD rpo ) was calculated from the standard deviation (σ rpo ) and average (m rpo ) of the three series as:
In each case, the RSD must be less than 5 %.
-The limits of detection (LOD) and quantification (LOQ): Were calculated according to the ICH recommendations:
Where σ is the standard deviation of the response and S is the slope of the calibration curve.
Identification
Suitable identification tests should be able to discriminate compounds with closely related structures. Among these compounds: anthracyclins, oxazophosphorins and vinca-alkaloids are often used in pediatric oncology and cannot be discriminated easily. Thus, the ability of the QCPrep+ ® analyzer to discriminate: doxorubicin from daunorubicin, cyclophosphamide from ifosfamide and vinblastine from vindesine was tested. Chemical structures of doxorubicin, epirubicin and cyclophosphamide, ifosfamide are shown in Figures 1 and 2 . For each couple of compounds, specific spectral areas within the Raman or the UV spectra allowing to differentiate them were determined and control samples were analyzed using these settings. For each drug, several calibration ranges were tested, 18 controls of three concentration levels were carried out on 3 different days. For each control, was assessed the drug identification: resemblance percentage of the acquired spectrum with the bank's spectrum and ability to discriminate structurally related drugs. Although QCPrep ® is delivered with ready to use spectra, the bank was rebuilt with the drugs we used. Each new drug (new manufacturer or generic) spectra and calibration were updated and validated.
Results
Method development
Protocol 1 was carried out in order to determine if a smaller sample volume allowed a good-quality analysis.
The results are shown in Tables 2 (cytarabine 6 .00 mg/ mL) and 3 (cytarabine 30.00 mg/mL). For both concentrations of cytarabine, drug and solvent were properly recognized and the Raman spectra were well acquired. The dilution tests showed that the percentage of error increases with dilution. Thus, for a 10-fold dilution of the 6.00 mg/mL solution, the error is + 37.4 %. Finally, no test with cytarabine 6.00 mg/mL was consistent. The analysis carried out with cytarabine 30.00 mg/ml showed better results but the percentages of error were greater than 5.0 % in all cases. Only the 2-fold dilution was satisfying with a percentage of error of 2.0 %. No air bubbles were observed for any volumes and concentrations. Protocol 2 was secondly conducted, following the results of protocol 1. The results are shown in Tables 4 (cytarabine 6.00 mg/mL) and 5 (doxorubicin 1.00 mg/ mL). Cytarabine was properly recognized and quantified for all tested parameters.
Nevertheless, with analysis volumes of 600 μL, 700 μL and 1 mL, solvents were badly identified. The Table 2 : Results of protocol 1 -cytarabine 6.00 mg/mL -linear from 0.0 to 37.5 mg/mL. removal of the entire sample of one milliliter led to the formation of air bubbles (approximately 200 μL). This is due to the shape of the vial which does not allow to recover all the sample. This air was injected into the Raman cell and interfered with the analysis. For doxorubicin, which is identified by Raman spectrometry, only analysis volumes of 800 μL and 900 μL are efficient to correctly quantify and identify the samples (Figure 3) . Figure 4 shows the typical profile of a Raman spectrum obtained in the presence of air bubble when the analysis was conducted with an insufficient volume. In the first part of the spectrum between 12,500 and 11,111 cm -1 (800-900 nm) the diffusion is negative, and rapidly increases to zero but no characteristic peak of the drug appears. In Raman spectrometry, the solvent is identified in the spectral area 9,901-9,709 cm -1 (1,010-1,030 nm).
In this area, glucose diffuses unlike NaCl 0.9 %. This range is the specific area of solvents and not cytotoxic drugs emits. Yet, on Figure 4 , the identification of the solvent was also impossible. This poor spectrum acquisition, generated by air bubbles, corresponds to the most informative part of the spectrum, resulting in a significant loss of information. It is therefore impossible to make an identification of the drugs and the solvent.
Finally, regarding the results obtained with protocol 1 and 2, it was decided to overfill low volume preparations with one milliliter of solvent and to dedicate this milliliter to the analytical control. The optimal analysis volume was set at 900 μL.
Identification
The identification tests showed that discrimination of molecules with closed conformations is possible. Both anthracyclins and oxazophosphorins are discriminated using Raman spectra whereas the discrimination of vinca-alkaloids is based on the second part of the UV spectra. The chosen specific spectral areas ( Figures 5, 6 and 7) were validated and are now routinely used. Identification of vinca-alkaloids is performed in UV, in a wide spectral region between 255-332 nm ( Figure 5 ). To discriminate structurally related drugs in Raman, it's necessary to select spectral areas with differences, even minor. The identification algorithm does not allow discrimination between two close spectra. Therefore, the pharmacist must select specific areas for discrimination. Different areas were evaluated to discriminate oxazaphosphorins and anthracyclins. Identification of anthracyclins is carried out in Raman, in two spectral regions between 11,905-11,792 cm -1 (840-848 nm) and 11,534-11,261 cm -1 (867-888 nm) ( Figure 6 ). Identification of oxazophosphorins is carried out in Raman, in a single spectral region between 12,092-11,962 cm -1 (827-836 nm) ( Figure 7 ).
Method validation
After determining the new analytical parameters, an analytical validation was realized for 10 drugs. The results are presented in Tables 6 and 7 . For each drug, all validation data were within the expected ranges. R² was greater than 0.95, the LOD and LOQ were compatible with our routine use.
Discussion
In our centralized unit, the pediatric preparations of chemotherapy are mainly made in syringes (60 % of production) with a final volume less than 50 mL. Some preparations are made with a final volume less than 20 mL. The study's objectives do not include these preparations because they represent a small part of the production and the final volume is too low to allow a sample without using a large amount of the total dose. For reasons given above (discrepancy between the final volume and labelling, sampling represents a substantial proportion of the total dose) most of our production was not controlled analytically. Therefore, it was important to develop a specific analytical method for the quality control of such preparations. To our knowledge, no unit controls low-volumes and syringe preparations. Thus, Dziopa et al. [24] and Bazin et al. [19] did not control preparations with a final volume of less than 100 mL. Table 7 : Accuracy data of each drug performed with new analysis parameters.
Drug
Level control Theoretical concentration Accuracy (%) Repetability (CV) (%) Reproductibility (CV) (%)
Nardella et al. did not control preparations in infusion bag, with a final volume below or equal to 20 mL [25] . Havard et al. advised to collected samples that should not exceed 0.5 % of the total volume of the preparation. Also they did not control low-volume preparations [8] .
The method retained for the analytical control of cytotoxic drugs preparations with a final volume of 20 to 50 mL, consists in overfilling the preparation with one milliliter of solvent and in the withdrawing of this milliliter for the analysis. The analysis is then carried out with a volume of 900 μL. The method does not involve a significant increase in processing time. The time necessary to add one milliliter of solvent in the preparation is negligible. Only the sampling stage, before unrealized, increases the preparation time without impacting the production. The overfilling can not be manage in our software which is not highly adaptable, so a human intervention is necessary. To our knowledge, no chemotherapy prescription software does currently support removal or addition of solvent for analytical control.
Method development
To develop this method of sampling and analysis, two protocols were tested with doxorubicin and cytarabine. These two drugs were chosen for several reasons: they are commonly used in pediatric onco-hematology; they are ready-to-use, which avoids the bias due to the reconstitution step, and are inexpensive. The identification of cytarabine is performed by UV spectrometry whereas the doxorubicin is identified by Raman spectrometry. Indeed, anthracyclins (doxorubicin, epirubicin, daunorubicin) are structurally very similar and UV spectrum is not sufficient to discriminate them. The identification of the solvent also requires Raman spectroscopy: glucose diffuses in the 9,901-9,709 cm -1 (1,010-1,030 nm) range while sodium chloride 0.9 % does not. Thus, tests must be carried out with cytarabine, doxorubicin, glucose and NaCl to evaluate the results obtained with both UV and raman spectroscopy.The results of the tests made with protocol 1 have shown limits due to the dilutions. Indeed, no analysis was quantitatively satisfying while all the concentrations were higher than the LOQ. However, the percentage of error increased with the dilution. Therefore, the smaller dilution factor must be preferred in case of an over-concentrated sample. Level 5 of Protocol 1 with cytarabine 6.00 mg/mL (Table 2) and level 1 of Protocol 1 with cytarabine 30.00 mg/mL (Table 3) have the same concentration: 3.00 mg/mL. However, the results obtained are significantly different, + 11.0 % for cytarabine 6.00 mg/mL and -11.5 % for cytarabine 30.00 mg/mL. Theoretically, the automatic dilution system is accurate enough and is used regularly to perform the calibration ranges, without showing linearity worries. In any case, another important point is the discrepancy between the final volume of the preparation and labeling. This problem can be corrected by incorporating the sampling in manufacturing sheet. However, our software (Phedra ® ) does not allow it. Finally, this method has been forsaken. Protocol 2 was designed to evaluate the minimum volume enabling a Raman spectrometric analysis. In summation, the UV cell is first filled with 500 μL of the sample and the Raman cell is then filled with 500 μL or with the remaining volume in the case of an injection volume less than 1,000 μL. The results showed that volumes of 600 and 700 μL are not sufficient to achieve a Raman analysis. Indeed, the spectra acquired with these volumes do not allow to properly identify the solvent and doxorubicin. The analysis carried out with a sample volume of 1,000 μL and an analysis volume of 1,000 μL is quantitatively satisfying but is not consistent from a qualitative point of view. Indeed, in the same manner as for 600 and 700 μL samples, air bubbles disrupted the Raman analysis. Indeed, 200 μL of air were observed due to the shape of the vial which does not allow to withdraw the totality of the liquid. We have concluded that a good analysis requires a volume of 800 or 900 μl. Although the results obtained with 800 μL and 900 μL were similar, we have chosen to perform the analysis with 900 μL to fill the Raman cell to the maximum and avoid the presence of air. The accuracy of syringes used for preparations with a volume of 20 to 50 mL is one milliliter. In practice, for collecting a volume of less than one milliliter, it is necessary to use a dedicated 1 mL syringe. This adds a sampling device, to the detriment of the protocol 1. Conversely, taking a sample of one milliliter (protocol 2) can be made directly with the final syringe, saving time and material.
Identification
The identification of drugs may be carried out in UV or in Raman, on the whole spectrum or on a specific spectral area. Several drugs with very similar structures must be discriminated: vincristine and other vinca-alkaloids, doxorubicin and daunorubicin, cyclophosphamide and ifosfamide. UV spectrometry is generally not enough informative to differentiate these molecules, except for vinca-alkaloids for which the very small difference between 255-332 nm is sufficient ( Figure 5 ). In practice,
anthracyclins and oxazophosphorins are difficult to identify by UV-HPLC or UV-FTIR [19, 23, 24] . In Raman, some differences are found in very narrow spectral regions (Figures 6 and 7) . To ensure the proper identification of these drugs, it is indispensable to build specific libraries, which may differ from those proposed by the manufacturer. This problem is also found for the control of monoclonal antibody preparations, mainly in adult oncology [27] .
Method validation
To validate this method of sampling and analysis, ten drugs assays were validated. All tested parameters were within range defined by the ICH guidelines. These results showed that the new settings have no impact on the linearity, repeatability and reproducibility of assay methods and that it can be used routinely. Our validation results are similar to data from other studies [19, 24, 25] . The LOD and LOQ calculations are theoretical. The formula may tend to overstate values. However, despite the pediatric doses, these concentrations are close to the theoretical LOQ calculated, expect for three drugs: doxorubicin, daunorubicin and cytarabine. However these extreme concentrations represented a very few preparations, mainly in the newborn babies. For these preparations others control are made as a complement to analytical control: a weighing of the final preparation and a photographic control. In order to improve the robustness of our method, it is possible to achieve validation with more conditions: different commercial forms, various solvent (0.9 % NaCl, G5 %, Ringer). However, the results validated our method for routine use.
Limitation of the method
The newly implemented method meets all our requirements. However, the fraction of the prescribed dose used for the control is still important. In adults, the final volume of the majority of cytotoxic drugs preparations is larger than in children. One-milliliter sample represents a fraction of the total dose of less than 1 % and is therefore negligible. For low volume pediatric preparations, this fraction is 4.76 % for preparations with a final volume of 20 ml (sampling 1 mL in a preparation of 21 mL) 1.96 % for 50 ml (sampling 1 mL in a preparation of 51 mL). There are no recommendations on the maximum fraction of the prescribed dose, which can be used for the control. To answer this question, we compared with the dose banding [28] . This principle was defined by Plumridge [29] : "It is a system in which, after an agreement between prescribers and pharmacists, doses of injectable cancer drugs calculated on an individual basis (skin surface) are rounded to determine standard intervals. The maximum variation between the calculated doses and intervals standards should not exceed plus or minus 5 % of the initially calculated dose". Dose banding was developed after a survey of 1,104 British oncologists who were willing to reduce a prescribed dose of 5 % and 10 % for 92 % and 40 % of them respectively, in order to facilitate the preparation and to accelerate the providing to the patients [30] . Therefore, according to this study, it is possible to dedicate 5 % or less of the dose to secure the pediatric preparations. The developed method can also be used to control some adults' preparations made with a volume less than 100 mL. In case of nonconformity, it is not possible to make a second sample. Indeed, taking a second milliliter causes a mismatch between the final volume and the labeling. It could be possible to add a new milliliter of solvent, and to withdraw a second sample of one milliliter, but for the preparations with a final volume of 20 mL, the fraction of the total dose used for the control would be of 9.3 %. For preparation of 50 mL, this percentage would be 3.88 %. In order to harmonize our practices, no new sample is taken in case of non-conformity and the preparation is destroyed. This is a drawback, which is counter balanced by the low rate of non-conformity of our preparations and by the low cost of the majority of the anticancer drugs used in children. The next step should be the application of a narrower acceptance range ( ± 10 %), as recommended by the SFPO. Indeed, for preparations close to the lower limit of the current acceptance range (-15 %), the fraction of the dose not administer to the patient can reach 20 %. Finally, the developed method meets our validation criteria: the volume taken from the preparation must be as low as possible and the volume of analysis must be sufficient to achieve good identification and drugs quantification. It provides some advantages: the final volume of the preparation corresponds to the labeling, the handling is simple (one milliliter of solvent added and taken) and corresponds to the accuracy of the 20 and 50 mL syringes used to make the preparations. To our knowledge and according to the drug stability data, the dilution produced by the addition of one milliliter of solvent is negligible, for cytotoxic drugs used in our unit. The developed method is not specific to syringe preparations. Thus, in order to harmonize our practices, all chemotherapy preparations (low or high volume, in syringe or infusion bag) are controlled by the same protocol.
Conclusion
Securing the circuit of the cytotoxic drugs is a major issue to improve patients' safety [31] . The use of an analytical control is a reliable and effective method to ensure the quality of chemotherapy preparations. The development of an analytical method suitable for low volume preparations, allows young patients to benefit of the same level of safety and quality than adult patients. The drawbacks of proposed method are largely outweigh by the safety improvements.
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